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2214-031X/Copyright ª 2014, The Aut
license (http://creativecommons.org/Summary Computer-assisted imaging analysis technology has been widely used in the
musculoskeletal joint biomechanics research in recent years. Imaging techniques can accu-
rately reconstruct the anatomic features of the target joint and reproduce its in vivo motion
characters. The data has greatly improved our understanding of normal joint function, joint
injury mechanism, and surgical treatment, and can provide foundations for using reverse-
engineering methods to develop biomimetic artificial joints. In this paper, we systematically
reviewed the investigation of in vivo kinematics of the human knee, shoulder, lumber spine,
and ankle using advanced imaging technologies, especially those using a dual fluoroscopic im-
aging system (DFIS). We also briefly discuss future development of imaging analysis technology
in musculoskeletal joint research.
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article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).ng Laboratory, Massachusetts
al School, 55 Fruit Street,
:þ1 617 726 6472; fax:þ1 617
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.11.001
hors. Published by Elsevier (Singa
licenses/by-nc-nd/4.0/).Introduction
With the advancement of biomedical imaging technology,
computer-assisted imaging analysis has been widely used in
in vivo measurement of human joint kinematics [1]. The
techniques include magnetic resonance imaging (MRI),
computed tomography, X-rays, and fluoroscopy. In recent
years, a two-dimensional (2D)e3D image matchingpore) Pte Ltd. This is an open access article under the CC BY-NC-ND
Application of computer-assisted imaging technology 9procedure, that combines the information of the 3D joint
model and the captured 2D X-ray/fluoroscopic images of
the joint, has been proven to be accurate in reproducing
the various human joint spatial positions during various
dynamic functional activities [2]. Due to the different
features of these imaging techniques, their applications
involve different technical challenges, as well as radiation
exposure [3].
Because of the easy accessibility and relatively low ra-
diation dosage, the fluoroscopic image system has been
extensively used to assist in orthopaedic surgeries, such as
bony fracture reduction, total joint replacement, and spi-
nal operations [4]. In the area of in vivo joint kinematics
measurements, there are two different applications of the
fluoroscopic image technique: single-plane fluoroscopy
image system (SFIS) [5,6] and dual fluoroscopic image sys-
tem (DFIS) [7]. SFIS has the advantage of being easy to use
and has been widely used in tibiofemoral joint kinematics.
However, this technique could not accurately determine
the joint motion in the degrees-of-freedom related to the
in and out of imaging plane direction [9]. To improve the
accuracy of joint kinematics measurements, Li et al. [7]
designed the DFIS using a combination of two fluoroscopic
systems. The accuracy and repeatability of this system have
been validated using a series of static and dynamic exper-
iments [2,10]. The DFIS has been widely used in musculo-
skeletal joint research. This paper systematically reviews
the in vivo kinematics studies of the knee, shoulder, spine,
and ankle using the DFIS technique and discusses the
advantage/disadvantage and future development of the
technique in musculoskeletal joint research.
The DFIS
The DFIS consists of two fluoroscopes, with their image
intensifiers positioned orthogonally so that an individual
can freely move his/her knee within the DFIS and the two
fluoroscopes can capture the images of the target joint
simultaneously (Fig. 1A[8]). The in vivo poses of the knee
are recorded as a series of paired fluoroscopic images.
These images are corrected for distortion and automati-
cally segmented using the Canny edge detection method
[11]. A virtual DFIS is then created in a solid modellingFigure 1 (A) Schematic of the dual fluoroscopic imaging system;
ometry of the actual experimental system. Note. From “Estima
weightbearing,” by A. Hosseini et al, 2011, J Biomech Eng, 133,
Engineers. Reprinted with permission.program (Rhinoceros, Robert McNeel & Associates, Seattle,
WA, USA) to replicate the geometry of the actual DFIS
(Fig. 1B). The two fluoroscopic images (labelled as F1 and
F2 in Fig. 1B) are positioned to represent the two virtual
image intensifiers. Two virtual cameras are created to
represent the two actual X-ray sources. A global coordinate
system is created in the virtual DFIS, where the XeY plane
coincides with the plane of a fluoroscopic image intensifier
(F1 in this study; Fig. 1B).
Measurement of knee joint kinematics
The kinematics of tibiofemoral joint
DeFrate et al. [10] and Li et al. [12] carried out a normal
tibiofemoral joint contact analysis during a single leg lunge
from full extension to 90 of flexion, using a combined DFIS
and 3D MRI-based knee modelling technique. The results
indicated that the medial femoral condyle remained in the
central portion of the tibial plateau and the lateral condyle
translated posteriorly with increasing flexion. The flexion
angle was not shown to have a statistically significant effect
on the location of the contact points on the medial tibial
plateau surface. The total translation of the contact point
from full extension to 90 flexion was <1.5 mm in the
anteroposterior direction, whereas the translation in the
mediolateral direction was >5.0 mm. On the lateral tibial
plateau, there was a statistically significant difference
between the location of the contact point at full extension
and the locations of the contact points at other flexion
angles in the anteroposterior direction. The overall range of
contact point motion was about 9.0 mm in the ante-
roposterior direction and about 4.0 mm in the mediolateral
direction. Li et al. also found that on the medial condyle,
the cartilage-to-cartilage contact regions were up to 40%
thicker than regions with no contact. On the lateral femoral
condyle, the maximum difference between these regions
was 20%. On the tibial plateau, the maximal differences
between regions with and without cartilage-to-cartilage
contact were found to be 40% on the medial side and 50%
on the lateral side [13].
In 2008, Bingham et al. [14] found that in both medial
and lateral compartments, minimum peak compartmental
contact deformation occurred at 30 of flexion and(B) Virtual dual fluoroscopic system created based on the ge-
tion of in vivo ACL force changes in response to increased
p. 05114e2. Copyright 2011. American Society of Mechanical
Figure 2 Coordinate systems used to quantify motions of the
patella and femur: femoral coordinate system consisted of
transepicondylar axis (TEA) and long axis intersecting at the
origin of the femur (midpoint of TEA). A box was fitted to the
patella to determine the patellar centre. Patellar coordinate
system consisted of superior-inferior (SI), anterior-posterior
(AP), and medial-lateral (ML) axes. Patellar flexion, lateral
shift, lateral tilt, and lateral rotation are considered positive,
as shown in the figure. Note. From “The coupled motion of the
femur and patella during in vivo weightbearing knee flexion,”
by G. Li et al., 2007, J Biomech Eng, 129, p. 938. Copyright
2007, American Society of Mechanical Engineers. Reprinted
with permission.
10 X. Liu et al.maximum peak compartmental deformation occurred at
120 of flexion during the weight-bearing flexion from full
extension to 120, when they analysed the in vivo cartilage
contact deformation in the healthy human tibiofemoral
joint. Average medial contact areas and peak contact de-
formations were significantly greater than lateral
compartment values. In addition, cartilage thickness in
regions of contact was on average 1.4 and 1.1 times thicker
than the average thickness of the tibial and femoral carti-
lage surfaces, respectively.
Koo and Andriacchi [15] and Kozanek et al. [16] noted
that motion of the medial femoral condyle in the transverse
plane was greater than that of the lateral femoral condyle
during the stance phase of gait, which implied that the
centre of knee rotation was in the lateral side during this
activity. Liu et al. [17] pointed out that the magnitude of
peak compartmental contact deformation ranged between
7% and 23% of the resting cartilage thickness and occurred
at regions with thicker cartilage during the stance phase of
gait. The contact areas throughout the stance phase were
greater in the medial compartment than in the lateral
compartment. In the literature, Hoshino and Tashman [18]
studied the knee internal tibial rotation during downhill
running and found that greater sliding of tibiofemoral joint
contact on the medial compartment which also supported
the centre of knee rotation was in the lateral side.
The kinematics of the patellofemoral joint
In 2008, Nha et al. [19] first studied the patellar tracking
during in vivo weight-bearing knee function. They found
that the mean patellar shift was within 3 mm over the
entire range of flexion. The patella tilted laterally from
0 to 75, and then tilted medially beyond 75 of flexion.
The mean tilt was within 6 and the mean total excursion of
patellar rotation was about 8. Females showed greater
external tibial rotation at 0, smaller internal rotation at
30 flexion, and a greater range of tibial rotation compared
to males, but patellar tracking did not show significant sex
differences or correlation to tibiofemoral rotation [20,21].
Suzuki et al. [2] found that the patellar flexion angle
decreased from 41.9 to 7.5 with knee extension during
stair ascending activity. During the first 80% of the activity,
the patella shifted medially about 3.9 mm with an anterior
translation of 13 mm. Then it slightly shifted laterally and
moved posteriorly by about 2 mm during the last 20% of the
activity.
In 2007, Li et al. [22] studied the coupled motion of the
femur and patella during in vivo weight-bearing knee
flexion and found that the femur externally rotated by
12.9 and the patella tilted laterally by 16.3 during the full
range of knee flexion. Knee flexion was strongly correlated
with patellar flexion, posterior femoral translation was
strongly correlated to the posterior patellar translation,
and internal-external rotation of the femur was correlated
to patellar tilt and medial-lateral patellar translation
(Fig. 2).
The kinematics of knee ligaments
Biomechanics of the knee includes not only the joint kine-
matics, but also the kinematics of the knee ligaments. For
example, Taylor et al. [23] measured the in vivo anterior
cruciate ligament (ACL) length and relative strain duringwalking and found there is an inverse relationship between
knee flexion and ACL length (R2Z 0.61, p < 0.001) and the
relative strain in the ACL peaked at 13  2% (mean  95%
CI) during mid-stance when the knee was near full exten-
sion. In 2006, DeFrate et al. [24] found that ACL deficiency
could cause a statistically significant anterior shift
(approximately 3 mm) and internal rotation of the tibia
(approximately 2) at low flexion angles. However, ligament
deficiency also caused a medial translation of the tibia
(approximately 1 mm) between 15 and 90 of flexion. Li
et al. [25] reported that in the presence of ACL injury, the
contact points shifted both posteriorly and laterally on the
surface of the tibial plateau. In the medial compartment,
the contact points shifted toward the medial tibial spine, a
region where degeneration was observed in patients with
chronic ACL injuries. Van de Velde et al. [26] found that the
altered function of the patellar tendon in ACL deficiency
resulted in an altered patellar tracking and patellofemoral
cartilage contact.
In 2006, Papannagari et al. [27] carried out research on
ACL reconstructed knees by using a boneepatellar ten-
donebone (BTB) autograft. The results showed that there
Figure 3 Reconstructed scapula and humerus bone models
with coordinate systems. The vector S is the position of the
Application of computer-assisted imaging technology 11was a statistically significant increase in the anterior
translation of the reconstructed knee compared with the
intact knee at full extension (approximately 2.9 mm) and
15 (approximately 2.2 mm) of flexion. So the BTB autograft
reconstruction did not restore normal knee kinematics
under weight-bearing loading conditions. In 2008, Van de
Velde et al. [26] also found that ACL reconstruction
reduced the abnormal apparent elongation, but not the
orientation of the patellar tendon, and it restored the
patellar flexion and proximal shift on contact. In 2012,
Hosseini et al. [28] investigated the in vivo cartilage con-
tact biomechanics of the tibiofemoral joint in patients after
reconstruction of the ruptured ACL. They found that
abnormal posterior and lateral shift of cartilage contact
location to smaller regions of thinner tibial cartilage,
resulting in an increase of the magnitude of cartilage con-
tact deformation [28].
The kinematics of the knee after total knee arthroplasty
One of the objectives of early knee kinematics study was
for design of artificial knee joints. Hanson et al. [29]
studied the in vivo anterior tibial post contact after pos-
terior stabilizing total knee arthroplasty (TKA) using the
DFIS technique and found that excessive anterior tibial
post-contact may cause polyethylene wear and potentially
lead to post failure. Varadarajan et al. [30] studied the
in vivo contact kinematics and contact forces of the knee
after TKA during dynamic weight-bearing activities and
found that all patients showed equitable medial-lateral
loading during lunge, but greater loads at the lateral
compartment during chair rising-sitting. Suggs et al. [31]
compared the conventional and a high flexion cruciate-
retaining (CR-Flex, Zimmer, Warsaw, IN, USA) TKA design
and found that at high flexion, the tibiofemoral articulating
surfaces were more conforming in the CR-Flex design than
the conventional CR design. Moynihan et al. [32] found that
posterior femoral translation and internal tibial rotation
increased steadily beyond 90 flexion.
In 2010, Yue et al. [33] studied the kinematics of medial
osteoarthritic knees before and after a PCL retaining TKA
(Zimmer, Warsaw, IN, USA) and found that the OA knees had
less overall posterior femoral translation relative to the
tibia between 0 and 105 flexion and more varus knee
rotation between 0 and 45 flexion, than in the normal
knees. After PCR-TKA, the overall internal tibial rotation
and posterior femoral translation between 0 and 105 knee
flexion were reduced. Additionally, PCR-TKA introduced an
abnormal anterior femoral translation during early knee
flexion, and the femur was located lateral to the tibia
throughout weight-bearing flexion. So, the PCR-TKA did not
restore the knee kinematics to normal. Further study
showed that after PCR-TKA, PCL bundles were further
overstretched during late flexion and changed from medi-
ally directed in normal and OA knees to almost sagittally
directed, which may compromise function in controlling
knee rotation [34].scapula to the fixed global coordinate system. Similarly, the
vector H is the position of the humerus to the fixed laboratory
coordinate system. Note. From “Non-invasive determination of
coupled motion of the scapula and humerusean in-vitro vali-
dation,” by D. F. Massimini et al., 2011, J Biomech, 44, p. 409.
Copyright 2010, Elsevier. Reprinted with permission.The progress of shoulder joint kinematics
The shoulder (glenohumeral) joint has the widest range of
motion of all major joints, due to its limited articularconstraint and lax capsuloligamentous structures. Its sta-
bility is maintained through the combined effect of artic-
ular geometry, capsuloligamentous restraint, and dynamic
compression through the rotator cuff. In 2008, Boyer et al.
[35] found that the in vivo glenohumeral contact locations
were variable among individuals and were not at the centre
of the glenoid surface. This confirms that “ball-in-socket”
kinematics did not govern normal shoulder function. Using
this non-invasive method (Fig. 3), they found that the hu-
meral head centre on average translated in a range of
6.0 mm in the anterior-posterior direction and 2.5 mm in
the superior-inferior direction. The middle glenohumeral
ligament showed greater elongation over a broader range of
shoulder motion than the superior glenohumeral ligament.
The anterior band of the inferior glenohumeral ligament
showed maximum elongation at 90 abduction with
maximum external rotation. The posterior band of the
inferior glenohumeral ligament showed maximum elonga-
tion at 90 abduction, with maximum internal rotation
[36,37]. Using the DFIS combined with the 3D model, they
simulated a full-thickness supraspinatus/infraspinatus
tendon tear using cadaveric specimens and found that the
suprascapular nerve translated medially 3.5 mm at the
spinoglenoid notch compared to the anatomic supra-
scapular nerve course [38] and the glenohumeral joint
contact after total shoulder arthroplasty, is not centred on
the glenoid surface [39]. In a recent study, Giphart et al.
Figure 4 (A) A typical magnetic resonance image of a human
lumbar spine in sagittal plane with segmentation lines present;
(B) 3D anatomic vertebral model from L2 to L5 constructed
using the magnetic resonance images. Local coordinate sys-
tems at the endplates were used to calculate the relative 6DOF
kinematics of the proximal vertebra with respect to distal
vertebra. Note. From “Segmental in vivo vertebral motion
during functional human lumbar spine activities,” by G. Li
et al., 2009, Eur Spine J, 18, p. 1015. Copyright 2009, Springer-
Verlag. Reprinted with permission.
12 X. Liu et al.[40] studied the 3D glenohumeral translations and rotations
during arm elevation. They found that scapulohumeral
rhythm significantly decreased as the plane of arm eleva-
tion moved in an anterior arc from abduction to forward
flexion. The amount of physiologic glenohumeral excursion
varied significantly with the plane of elevation, was
smallest for scaption, and showed inconsistent patterns
across individuals, with the exception of consistent inferior
translation during abduction.
The progress of lumbar vertebral kinematics
Accurate knowledge of the physiological kinematics of the
lumbar spine vertebrae is important for understanding the
aetiology of spinal diseases such as discogenic lower back
pain. The knowledge is also necessary for the improvement
of surgical treatments of spinal diseases that involve either
segmental arthrodesis (fusion) or artificial disk arthroplasty
(replacement), which may alter the vertebral motion pat-
terns. Lin et al. [41] compared four major types of
fluoroscopy-to-computed tomography registration methods
and found that using the volumetric models with bi-plane
fluoroscopy had the highest precision for measurement of
translation (0.4 mm) and rotation (0.3).
In 2008, Wang et al. [42] first validated the accuracy of
using DFIS combined with a 3D model matching technique
for measurement of in vivo spine kinematics. The results
showed that the translation positions of the spine could be
determined with a mean accuracy <0.40 mm for the image
matching technique using MRI-based vertebral models.
Using this method, Li et al. [41] measured in vivo 6-degree-
of-freedom (6DOF) vertebral motion during unrestricted
weight-bearing, functional body activities, which provided
a new insight into the in vivo function of human spines and
can be used as baseline data for investigation of patho-
logical spine kinematics (Fig. 4) [43]. Xia et al. [44]
measured the in vivo range of motion of the lumbar
spinous processes. Wang et al. [45,46] measured the geo-
metric deformation of lumbar intervertebral discs under
in vivo weight-bearing conditions and analysed the forces
and moments in the lumbar intervertebral disc. Park et al.
[47] reported the effect of the intra-abdominal pressure
and the centre of segmental body mass on the lumbar spine
mechanics. Li et al. [48] measured the lumbar facet joint
motion in patients with degenerative disc disease and Yao
et al. [49] measured lumbar facet joint motion in patients
with degenerative spondylolisthesis. Passias et al. [50]
studied the segmental lumbar rotation in patients with
discogenic low back pain during functional weight-bearing
activities, and found that during all three movements, the
greatest range of motion was at L3-L4 in patients with
degenerative disc disease (DDD) at L4-L5 and L5-S1 [50].
Furthermore, Wan et al. [51] evaluated the biomechanical
function of the X-Stop device for surgical treatment of
lumbar spinal stenosis.
The progress of ankle joint complex kinematics
The ankle joint complex (AJC) includes the tibia, fibula, talus,
calcaneus, and the ligaments around the joint which can
perform 6DOF motion, including plantarflexionedorsiflexion,adductioneabduction, and supinationepronation. In 2006, de
Asla et al. [52] investigated 6DOF in vivo kinematics of the
human AJC by using a combined DFIS and MRI technique. The
results showed that from maximum dorsiflexion to plantar-
flexion, the arc of motion of the talocrural joint was signifi-
cantly larger than that of the subtalar joint. From maximum
supination to pronation, all rotations and translations of the
subtalar joint were significantly larger than those of the
talocrural joint. From heel strike to midstance, the plantar-
flexion contribution from the talocrural joint was significantly
larger than that of the subtalar joint. From midstance to toe
off, internal rotation and inversion of the subtalar joint
were significantly larger than those of the talocrural joint
[52]. Using this technique, it was also found that the
average cartilage coverage area was 964.9  156.1 mm2 on
the distal tibia and 1304.8 208.4mm2 on the proximal talus.
The average talocrural cartilage contact areas were
272.7  61.1 mm2 at heel strike, 416.8  51.7 mm2 at mid-
stance, and 335.7  64.5 mm2 at toe off. The average carti-
lage thickness was found to be 1.43  0.15 mm in the distal
tibial and 1.42 mm  0.18 mm in the proximal talar cartilage
layers. During a single leg standing, the strain distribution
data revealed that 42.4  15.7% of the contact area had a
contact strain higher than 15% in the ankle joint. Peak carti-
lage contact strain reached 34.5  7.3% [53,54]. In 2008, Li
et al. [55] pointed out that the cartilage contact areas and
contact strain could raise dramatically right after loading and
reach a relatively stable condition within 1min after constant
loading (Fig. 5) [55]. In 2009, de Asla et al. [56] studied injury
mechanisms of the anterior talofibular ligament and calca-
neofibular ligament and found a reciprocal function between
Figure 5 The virtual dual fluoroscopic imaging system (DFIS)
created to reproduce the actual experimental setup. The 3D
ankle models can be manipulated in six degrees of freedom
(6DOF) so that their projections match the actual ankle images
on the two virtual image intensifiers. Note. From “Determi-
nation of real-time in-vivo cartilage contact deformation in the
ankle joint,” by G. Li et al., 2008, J Biomech, 41, p. 130.
Copyright. Reprinted with permission.
Application of computer-assisted imaging technology 13the two ligaments. While one shortens, the other one elon-
gates. Recently, List et al. [57] and Cenni et al. [58] reported
the 3D kinematics of the ankle after total ankle arthroplasty
using the videofluoroscopic technique. The results showed
that the physiological motion can be achieved in ligament-
compatible ankle joint replacements.
Clinical application of the computer-assisted
imaging analysis technologies
Although computer-assisted imaging analysis technologies
are accurate in the measurement of in vivo kinematics of
musculoskeletal joints, most studies are performed in the
laboratory for research purposes. Few of them have been
applied in routine clinic evaluation of patients’ joints. This
is mainly due to the complexity of the hardware, as well as
the lengthy imaging process such as segmentation of MRI
and fluoroscopic images. To develop an imaging technique
that can be used as a convenient tool for clinical usage, the
bi-plane imaging system should be improved to minimize its
physical dimension and radiation dosage, so that it could be
installed in a clinic area. Furthermore, software that can
perform real time segmentation of the images should be
developed.
Summary and future development
With the fast development of advanced imaging technologies,
it is feasible to accurately determine the 6DOF musculoskel-
etal joint kinematics as well as the articular contact kine-
matics. In future studies, we should incorporate the kinetic
measurements with the kinematics data to accuratelydetermine the in vivo joint reaction forces. These techniques,
combined with newly developed MR imaging modalities such
as T2 mapping or T1rho mapping, could lead to the develop-
ment of new biomechanical biomarkers that can predict early
cartilage degeneration and human spinal disc degeneration.
These techniques could also be utilized to develop prevention
strategies for sports-related joint injuries, such as ACL tear.
Finally, accurate knowledge of human musculoskeletal joint
biomechanics could be used as a foundation for the develop-
ment of biomimetic artificial joint replacements that could
not only restore normal joint anatomy, but also normal joint
function [59].Conflicts of interest
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